At present, no satisfactory anti-liver fibrosis drugs have been used clinically due to the poor targeting ability and short half-life period. This study aimed to explore the effects of a new TRAIL (TNF-related apoptosis-inducing ligand) preparation that can target aHSCs (activated hepatic stellate cells) on liver fibrosis and explain the possible underlying mechanism. Using our self-made drug carrier pPB-SSL that specifically targets aHSCs, recombinant human TRAIL (rhTRAIL) protein was embedded in (named as pPB-SSL-TRAIL) and applied to treat liver fibrotic mice as well as 3T3 fibroblast cells and aHSCs. Through in vitro and in vivo experiments, we found that, compared with the groups treated with TRAIL (free rhTRAIL) and SSL-TRAIL (rhTRAIL capsulated within unmodified liposome), the group treated with pPB-SSL-TRAIL nanoparticles showed significantly lower cell viability and higher cell apoptosis in vitro. The targeting delivering system pPB-SSL also significantly enhanced the anti-fibrotic effect, apoptosis induction and long circulation of rhTRAIL. After the treatment with pPB-SSL-TRAIL, apoptosis of aHSCs was notably increased and hepatic fibrosis in mice was remarkably alleviated. In vitro, pPB-SSL-TRAIL nanoparticles were mainly transported and located on membrane or into cytoplasm, but the particles were distributed mainly in mouse fibrotic liver and most on the cell membrane of aHSCs. In conclusion, rhTRAIL carried by pPB-SSL delivering system has prolonged circulation in blood, be able to target aHSCs specifically, and alleviate fibrosis both in vitro and in vivo. It presents promising prospect in the therapy of liver fibrosis, and it is worthwhile for us to develop it for clinical use.
| INTRODUCTION
Liver fibrosis and cirrhosis are mainly caused by chronic liver disease, which has become a worldwide issue. The main pathological feature of liver fibrosis is the accumulation of extracellular matrix (ECM), mainly collagen, secreted by myofibroblast-like hepatic stellate cells (HSCs) in damaged liver. 1 Currently there are still no satisfactory anti-fibrosis therapeutics for clinical treatment due to the low drug efficacy caused by poor liver targeting and short half-life, and the toxic side effects caused by the drug accumulation in other tissues.
Hepatic stellate cells are activated from quiescent status and secreted ECM protein in liver fibrosis. 1 Apoptosis of activated HSCs (aHSCs) is an important mechanism for liver fibrosis recovery. Since aHSCs are more sensitive than other cell types in liver, it is a promising strategy to target apoptosis for liver fibrosis. 2 There are several apoptotic-mediating molecules in aHSCs, such as Fas (TNF receptor superfamily member 6)/FasL (Fas ligand), NF-κB (nuclear factor kappa B), NGFR (neural growth factor receptor) and Bcl2/Bax (Bcl2 associated X), etc. NK (natural killing) cells are generally considered to have antifibrotic therapeutic potential because they can promote aHSC apoptosis through TRAIL/DR5 (death receptor 5) and NKG2D (natural killer
[NK] group 2 member D)/RAE1 (ribonucleic acid export 1) pathways. 3 It is reported that NK cells can attenuate liver fibrosis through specific killing aHSCs in a NKG2D-and TRAIL-dependent manner, 4 which suggests that TRAIL is an important protein in the induction of aHSC apoptosis and liver fibrosis therapy. TRAIL can rapidly induce a large amount of cell apoptosis. More importantly, compared to the pan effects of TNF and FasL induced toxicity, TRAIL only induces apoptosis in transformed cells, tumour cells and viral infected cells, and most of the normal cells can survive from TRAIL-induced apoptosis. 2, 5, 6 The major two receptors of TRAIL, DR4 (death receptor 4) and DR5, are generally predominantly expressed by aHSCs, and DR5 protein expression is reported to be increased and associated with increasing sensitivity to TRAIL-mediated apoptosis in human HSCs. 2, 6 Generally, TRAIL activates both DR4 and DR5, but DR4-mediated cell viability inhibition and collagen secretion may require higher concentration of TRAIL than DR5 does. 7, 8 Although TRAIL possesses the above mentioned preferable specificity for aHSCs and shows no systemic cytotoxicity in some pre-clinical studies, 9 rhTRAIL has been proven to be able to induce normal human hepatocytes in culture, and it may cause potential problems if it somehow crosses the blood-brain barrier when applied in vivo. 10, 11 Importantly, free rhTRAIL systemically administrated in vivo is easily cleared and cannot maintain a high concentration in circulating systems, which may hamper the potency we want. 12 Therefore, to deliver rhTRAIL to the specific nidus is quite necessary for the therapy of a certain disease. To treat hepatic fibrosis, HSC-specific targeted and long-circulating drug delivery systems are strongly needed. Platelet-derived growth factor receptor-β (PDGFR-β) is pre-dominantly expressed on the surface of aHSCs, which has been selected as the potential delivery destination. Liposomes with excellent safety and broad spectrum for drug delivery are usually chosen as carriers.
Previously, we constructed cyclic peptide pPB-modified sterically stabilized liposomes (pPB-SSL, a sterically stabilized liposome modified with a cyclic peptide) that specifically recognize PDGFR-β on the surface of aHSCs. Enveloped in the delivering system, rhIFN-α (recombinant human interferon-α) and rhIFN-γ (recombinant human interferon-γ) were carried to aHSCs and showed satisfactory antifibrosis effect. 13, 14 In order to develop some new methods to treat liver fibrosis, rhTRAIL was chosen as a cargo in pPB-SSL, and the anti-fibrosis effect in vitro and in vivo was studied in this study, in which, the possible mechanisms involved was also explored.
| MATERIALS AND METHODS

| Preparation and characterization of pPB-SSL-TRAIL
Referring to the previous study, 14 minor modifications in the preparation method were made. The diameter and distribution of pPB- Human LX-2 cells were cultured in DMEM with 2% FBS and 1× Glutamin (Millipore, Bedford, MA, USA). To study the anti-fibrosis effects of pPB-SSL-TRAIL, LX-2 cells were pre-incubated with TGF-β1 (transforming growth factor-β1, 2 ng/mL) for 48 hours.
| Cell counting kit-8 assay
Cell suspension (100 μL per well) was inoculated in a 96-well plate and incubated at 37°C in a humidified incubator containing 5% CO 2 .
Cell counting kit-8 (CCK-8) solution (10 μL) was added to each well of the plate, and then the plate was incubated for 4 hours in the incubator. The absorbance at 450 nm was finally measured using a microplate reader. Cell viablitity (%) = [(OD450 (sample)/OD450
(negative control)) × 100].
| Apoptosis analysis
Cells were collected and detected by routine DAPI (4′,6-diamidino-2-phenylindole) staining using a commercial DAPI dye (Beyotime, 
| Western blot analysis
The liver tissues or cells were suspended and lysed in radio-immuno- Abcam) at 4°C overnight followed by secondary antibody incubation.
The protein bands were visualized using ClarityTM Western ECL substrate (Bio-Rad, Hercules, CA, USA). The protein level was quantified using Image J software normalized with GAPDH.
| RNA extraction and real-time quantitative polymerase chain reaction
Total RNA was extracted using Trizol reagent (Invitrogen). One microgram of RNA was reversely transcribed into cDNA with M-MLV reverse transcriptase (Promega, Madison, WI, USA). qPCR was performed with SYBR Premix Ex Taq (Takara, Berkeley, CA, USA) on ABI 7500 fast real-time PCR system (Applied Biosystems, Foster City, CA, USA). GAPDH mRNA was used as an endogenous control for mRNA. The primers used here were shown in Table S1 .
| Animal model of liver fibrosis
Male C57BL/6 mice were purchased from Shanghai SLAC Laboratory Animal Co. Ltd (SLAC, Shanghai, China), and randomly divided into four groups. Liver fibrosis model was induced as previously reported. 14 Mice with liver fibrosis were treated with SSL, TRAIL, SSL-TRAIL and pPB-SSL-TRAIL, respectively, for 3 weeks. Mice were executed after 1 or 3 weeks, and liver tissues were collected for immunohistochemistry (IHC), IF and Western blot (WB) analyses.
This study was approved by the Ethics Committee of Shanghai East
Hospital, Tongji University.
| Living-body tracing image analysis
To 
| Sirius red staining
Liver tissues of the mice from each group were sliced and stained with Sirius red. The detailed method has been published before. 
| Statistical analysis
For in vitro assays, all data were derived from at least three independent experiments performed in triplicates and presented as the 3 | RESULTS
| The rhTRAIL preparations reached nanoscale
As shown in Figure 1A , the morphology of the two types of nanoparticles was observed by TEM (transmission electron microscopy). Both SSL-TRAIL and pPB-SSL-TRAIL presented well-defined spherical morphology. The carriers SSL and pPB-SSL without F I G U R E 1 Morphology characterization (A) and size distribution (B) of SSL, pPB-SSL, SSL-TRAIL and pPB-SSL-TRAIL
anything in them were also tested by TEM and were similar with SSL-TRAIL and pPB-SSL-TRAIL. 13 The average diameters of SSL, | 1955 SSL-TRAIL (P < 0.05). More details are shown in the histograms in Figure 2B . To confirm the effect of pPB-SSL-TRAIL on cell apoptosis, DAPI staining was performed. The results showed that the apoptotic cells in pPB-SSL-TRAIL treatment group, including those at late or early phase of apoptosis, were obviously more than those in other two groups (Figure 3 ). In addition, SSL and pPB-SSL could barely influence the viability and apoptosis, and no significant difference existed between them, therefore only SSL was used as a negative control in the following research.
| TRAIL capsulated in pPB-SSL altered the protein expression profile of apoptosis-and fibrosisrelated genes in 3T3 and LX-2 cells
The key proteins in the TRAIL induced apoptotic signalling pathways, including p53, caspase 3, tBid, DR4, DR5, uPA and PAI-1 were measured with Western blotting. It was found that the levels of the proapoptotic proteins (p53, caspase 3, tBid, DR4, DR5 and PAI-1) were significantly promoted and the anti-apoptotic protein uPA was significantly decreased by TRAIL, SSL-TRAIL and pPB-SSL-TRAIL, in which, pPB-SSL-TRAIL had the strongest effect on these proteins (P < 0.05, Figure 4A ,C).
In order to find out whether TRAIL can suppress fibrosis and whether the pPB-SSL can effectively enhance the anti-fibrosis effect of TRAIL in vitro, two biomarkers for activated HSCs (β-crystallin and α-SMA) 17 and collagen I/III were measured with Western blotting. As a result, we found that TRAIL, SSL-TRAIL and pPB-SSL-TRAIL inhibited the expression of β-crystallin, α-SMA and collagen I/III to various extents, in which pPB-SSL-TRAIL showed the most powerful anti-fibrosis effect (P < 0.01, compared with TRAIL treatment group). At a certain concentration, TRAIL could not markedly (P > 0.05) suppress the expression of the fibrosis-related genes. But SSL modification significantly (P < 0.05) enhanced the inhibitive effect of TRAIL on fibrosis gene expression and compared with SSL-TRAIL treatment group, the protein expression of most fibrotic genes was even significantly (P < 0.05) lower in pPB-SSL-TRAIL group due to the targeting effect of pPB ( Figure 4B,C) .
| The carrier pPB-SSL enhanced the targeting efficiency of TRAIL in hepatic fibrosis mice models
The hepatic fibrosis mice models were successfully established using the method that had been published, 13 which was characterized by strong positive staining by sirius red in two randomly chosen mice.
To study where pPB-SSL delivers rhTRAIL in the liver fibrosis mice models, in vivo optical imaging was adopted. It was demonstrated that the pPB-SSL-TRAIL mainly distributed in liver 24 hours after the tail intravenous injection, but SSL-TRAIL was mainly observed in cranial cavity ( Figure 5A ). Then we quantitatively analysed the intensity in liver and found that pPB-SSL-TRAIL reached >2000 per gram of liver tissue 8 hours after the injection, which was remarkably higher than SSL-TRAIL ( Figure 5B ). 
| TRAIL was transported by pPB-SSL to cell membrane and cytoplasm
In vitro, the location of rhTRAIL was detected with IF assay after 3T3 cells were incubated with TRAIL, SSL-TRAIL or pPB-SSL-TRAIL for 4 hours. It could hardly be found in the group treated with free TRAIL, but it was mostly observed localized in cell membrane and cytoplasm in SSL-TRAIL and pPB-SSL-TRAIL groups (Figure 7) , where the signal detected in cytoplasm was probably from the endosomes containing TRAIL receptors that were transported from membrane. 19, 20 Further, when pPB-SSL-TRAIL was adopted in vivo, most of the particles were delivered to mice livers ( Figure 5 ), and specifically, on the membrane of DR4 (TRAILR1)-positive cells. In the group treated with free TRAIL or SSL-TRAIL, although some rhTRAIL molecules were found co-localized with DR4 and the double-positive cell numbers were significantly greater than that in SSL group, the double-positive cells were significantly less than that in pPB-SSL-TRAIL ( Figure 8 , Figure S3 ), due to the absence of long circulation or high potent targeting guidance. 
| DISCUSSION
The endotheliocytes of blood capillary are not continuous in some organs like liver, which supplies a window structure that helps the entrance of nanoparticles into these organ tissues. 21, 22 Without the guiding structure modified onto the nano-liposomes, other organs that have the reticuloendothelial system, such as spleen and spinal cord, are also proper places for drug infiltration and retention. 22, 23 In this research, we used self-made targeting nano-liposomes to deliver rhTRAIL specifically into fibrotic liver, expecting to enhance the targeting effect of TRAIL on aHSCs in liver, and finally to promote its efficacy in therapy of liver fibrosis. Our results have proven that rhTRAIL can be delivered by pPB-SSL system mainly into liver tissue with significantly decreased drug retention in other types of organs.
More specifically, we showed that rhTRAIL carried by pPB-SSL is able to directly target aHSCs at its receptor DR4, which then triggers the activation of the corresponding downstream signals.
Typically, after TRAIL/DR4 or TRAIL/DR5 interaction on cell membrane, a protein complex called DISC (death-inducing signalling complex) is formed with the adaptor protein FADD (Fas-associated protein with death domain) bound to the intracellular death domain of the receptors. 24 Simultaneously, pro-caspase 8 binds to FADD and is activated as a result of dimer formation, which in turn, triggers activation of proteolytic cleavage effector caspases like caspase 3 that digest cellular proteins to induce apoptosis. 25 In our in vitro study, we found that the levels of DR4, DR5 and cleaved caspase 3 in pPB-SSL-TRAIL group were significantly higher than those in the groups treated with free rhTRAIL or SSL-TRAIL. The encapsulation of TRAIL in pPB-SSL delivery system did not seem to change how TRAIL functions, but rather made it easier for more TRAIL molecules to target aHSCs at their receptors. In this delivering system, pPB was invented by Beljaars et al 26 some 15 years ago, and its specificity to target PDGFR-β and aHSCs was also well documented by many research groups. 14, [26] [27] [28] [29] The pPB-SSL system provides not only navigation ability, but also raises the number of docking sites for ligands. PDGFR-β, a pre-dominantly expressed receptor on the surface of aHSCs, guides the liposomes modified with pPB to the cells expressing PDGFR-β. What is more, generally speaking, the diameter of protein is less than that of nano scale particles. 30 In vivo, through TRAIL/DR4 double labelling IF assay, we demonstrated that TRAIL coexisted with DR4 in cytoplasm and membrane as well as DR5. Supplementarily, TRAIL/DR5 is not the main subject in this study, because TRAIL/DR5 is a well-established signal axis for aHSC apoptosis due to its high sensitivity to mediate apoptosis.
Though DR4 may need a higher concentration of TRAIL to trigger apoptosis, 7, 8 we validated the not well-documented TRAIL/DR4
interaction-induced apoptosis in the aHSCs, expecting to get more information about the DR4-mediated signalling. Receptor internalization has already been recognized as a means to inactivate the excited receptors, but in a recent research, it is considered not only to terminal their activation, but also to serve as a signal regulating the downstream effector. 31 According to the literature, DR4 internalization can shift the sensitivity of cancer cells to TRAIL from one death receptor to another in certain circumstances. 19 But whether the internalized TRAIL/DR4 complex can still induces or enhances apoptosis of aHSCs remains unclear and deserves more attention. 32 Deactivation and elimination of fibrogenic HSCs are an antifibrotic strategy, regardless of the cause of hepatic fibrosis. 1, 33 It is reported that IFN-γ is able to induce rapid killing of HSCs, 14, 34 and INF-α are capable of both decreasing HSC activation and stimulating its apoptosis. 13, 35 In this study, we confirmed that pPB-SSL can enhance apoptosis induction of TRAIL in aHSCs and inhibit fibrosis both in vitro and in vivo, and the apoptotic cell death is a direct reason for alleviated liver fibrosis. However, whether the TRAILmediated signalling can also restore the HSCs from activated state to quiescent state instead of simply apoptosis induction still needs to be discovered. 36 It is well known that TRAIL can directly trigger cell apoptotic signalling in aHSCs through its receptors DR4 and DR5. According to a research published, TRAIL may also simultaneously trigger some other signals that regulate liver fibrosis, because NK cells carrying TRAIL are capable of mediating inactivation of HSCs. 37 However, the inactivation of HSCs is said to be associated with up-regulation of some antiapoptotic genes, 38 Based on what we found in this study, we speculated that pPB-SSL liposome firstly fuse into cell membrane, release the cargo rhTRAIL on cell surface, and then react on the receptors on membrane. At a late stage, TRAIL/TRAILR complexes were endocytosed as the core of putative endosomes and lysosomes for degradation. 39 If so, the transportation process is quite different from those previously reported by other researchers. 40 But if not, the cargo may be released into cytoplasm and reacts on the receptors on endosomes, which is hard for ligands in theory, because the reaction domain of the receptor was embedded inward in the endosomes. 36 In addition, we think one more aspect that should also be taken into consideration in further studies is redistribution of DR4 and/or DR5 in lipid rafts on aHSCs, due to the hypothesis that TRAIL triggers the redistribution of receptors DR4 and/or DR5 into lipid rafts potentiating +P < 0.05, compared with SSL; *P < 0.05, **P < 0.01, compared with TRAIL; ##P < 0.01, compared with SSL-TRAIL apoptosis. 15 The delivery system pPB-SSL may also have the ability to influence the redistribution of TRAIL receptors in lipid rafts on aHSCs, if it can fuse into cell membrane.
In summary, our self-made nanoscale liposome system is able to specifically deliver rhTRAIL to aHSCs in fibrotic livers, and reinforce the targeting effect and apoptosis induction of free rhTRAIL protein on aHSCs both in vitro and in vivo as well as the anti-fibrosis effect.
The mechanism how this delivery system works may be directly associated with the increased concentration of TRAIL around the target cells and its long-circulating characteristics. However, the entire mechanism involved is also worthy of more in-depth research.
